Abstract: Photo-induced changes are investigated in thermally evaporated GexSe1-x (x = 0.28, 0.33 and 0.40) films. Object of studies are fresh (as prepared), as well as annealed films. The studies indicated concentration dependence of the occurring effects for the studied compositions. Fast photo-darkening and slow photo-bleaching processes due to laser irradiation were detected in as-prepared films, while only photo-darkening effect was established for annealed samples. The origin of photo-darkening and photo-bleaching is explained based on the structural investigations carried out by Raman spectroscopy.
Introduction 
Illumination with visible light causes a plurality of effects occurring in chalcogenide thin films like the well-known photo-induced structural transformation effects and related changes of optical parameters (absorption coefficient α, refractive index n, etc.) [1] , some peculiar effects like photo-plasticity or photofluidity, stimulated expansion or contraction and birefringence. Up to now these effects are rather ambiguously correlated with composition and experimental conditions [2] [3] [4] [5] [6] , and the proposed mechanisms are sometimes contradictory.
During the last decade, a number of papers were devoted to the investigations of photo-induced effects for glasses from the Ge-Se systems [6] [7] [8] [9] [10] [11] [12] . It is reported [13, 14] that in contrast to As-based chalcogenides in which photo-darkening effect was observed, Ge-based chalcogenide glasses undergo photo-induced darkening and/or bleaching effect. A few models have proposed that the intrinsic structural changes and/or photooxidation are responsible for photo-induced bleaching and for other structural modifications [15] [16] [17] .
The aim of this work is to supply new data about the optical properties of the studied materials, and establish the compositional dependence of the photo-induced optical, structural and volume changes in thermally evaporated GexSe100-x thin films. Finally, we try to explain the fast photo-darkening and slow photobleaching effects from the point of view optical and structural changes in them.
S-4300 system. The composition of the evaporated thin films were determined to be Ge28Se72, Ge33Se67 and Ge40Se60, slightly shifted towards increased Ge content from the original bulk glasses for the first two compositions due to the thermal evaporation conditions. The thickness d of the samples was controlled by a calibrated evaporation process and was about 1000 nm. Ambios XP-1 profilemeter was used to verify the sample thickness.
The optical transmission was detected by Agilent NIR-UV and Shimadzu UV-3600 spectrophotometers. The transmission spectra were recorded before and after irradiation. The kinetics of the transmission change under laser illumination was detected in situ by Newport and Thorlabs power meter setups. In fact, since the absorption edge and light sensitivity of the prepared samples depend on the films composition, its structure and Ge concentration [18] , Ge28Se72 and Ge33Se67 samples were illuminated with laser setup operating at 533 nm with output power of 8.5 mW, while the Ge40Se60 sample was irradiated with laser setup operating at 633 nm with an output power of 12 mW. The samples were irradiated through a 2 mm aperture.
Refractive index, optical band gap, absorption coefficient and change of the absorption edge due to irradiation and annealing were calculated from the measured optical transmission spectra by Swanepoel method [19] , while the thickness changes were measured by Ambios XP-1 profilemeter.
Photo-induced changes were investigated in annealed Ge-Se samples as well. Annealing was performed below the Ge-Se softening temperature Tg (at 170 o C for films with composition Ge28Se72, 300 o C for Ge33Se67 and 320 o C for Ge40Se60) for 2 h in vacuum. The structural changes due to irradiation and annealing were measured by Raman spectroscopy using an Acton 275 spectrometer. For excitation, a ppolarized 514.5 nm line laser was focused into a circular spot of 1 mm diameter at a laser beam intensity of 25 mW. Although the laser's wavelength is within the absorption edge of the films, no illuminationinduced effects have been observed during and after several spectra measurements due to the very low beam intensity. The spectra were baseline-corrected, normalized and fitted with a set of Gaussian distributions to determine the peak parameters.
All data about PB (photo-bleaching) or PD (photodarkening) results were measured at saturation of the effects on specific areas of the samples. Figure 1 represents the dependence of the transmission upon the wavelength for the studied films. The absorption spectra identify a clear dependence upon the film's composition with almost similar spectra for the Ge28Se72 and Ge33Se67 films and quite different spectrum for the Ge40Se60 film.
Experimental Results and Discussion

Photo-Induced Effects in the As-Prepared Samples
The as-deposited samples were irradiated with laser setups, as described in the experimental section. The measured spectra demonstrate occurrence of PD in the first seconds of irradiation which is followed by PB at subsequent light illumination, as presented in Figure 2 . The strong compositional dependence, noted in the absorption spectra measurement, is shown in the photo-induced effects. The Se rich films react more explicitly to the laser light illumination with a tendency of decreasing of the effect appearance with growing of the Ge concentration in the films and complete absence of PB for the samples containing 40% Ge with barely noticeable photo-darkening effect. Note that the process reaches saturation after about 400 s for the Ge28Se72 and after about 1 800 s for the Ge33Se67 compositions at the given illumination conditions.
The optical transmission spectra of the samples were measured in their three states: Asdep (as-prepared), PD and PB state; and the corresponding optical parameters were calculated ( Table 1 ).
The data show that: compared to the as-prepared state, the refractive index increases in the PD and decreases in the PB state, the value of the optical band gap is smaller in the PD and larger in the PB state. On the other hand, the absorption coefficient at the used laser wavelength is higher in the PD state and lower in the PB state. Increase of the thickness was detected in both PD and PB states for all the samples, and it was found to be prominent in the PD state. It was established that a more significant change in the optical parameters occurs for the Ge33Se67 sample, while the Ge28Se72 layer exhibited the largest change in the thickness during illumination.
The structural characteristics of the three studied compositions were measured by Raman spectroscopy. Characteristic peaks appeared at 202 cm -1 , 218 cm -1 , and 255 cm -1 , which correspond to the vibrations of the CS (corner-shared), ES (edge-shared) and Se-Se (Se-Se chains) modes, respectively [20, 21] . For the Ge-richest sample, appearance of ETH (ethane) like structures at 168 cm -1 demonstrates a change in the structural organization. From these spectra, the peak areas corresponding to each structural unit were determined for all three compositions. The Raman spectra of the irradiated samples were measured in PD and PB states as well (Figure 3) . The area of the specific Raman peaks (SeSe, ES, CS and ETH) is presented in Table 2 . These data give some information about the structural changes taking place in the different states. It is obvious from the data that: the area of the peak corresponding to homopolar bonds (Se-Se) decreases in both the PD and PB states (probably the homopolar Se-Se bonds break and heteropolar Ge-Se bonds form, in agreement with the observations presented in [6] ). The ES peak area increases for PD state and decreases for PB state, while the CS peak area decreases for PD state and increases for PB state. The ETH peak area decreases due to laser irradiation (relevant for Ge33Se67 and Ge40Se60 samples only).
Photo-Induced Effects in Annealed Samples.
The annealed samples were irradiated in the same way as the as-deposited ones. The time dependence of the optical transmission showed that laser irradiation causes only PD effect in the annealed samples ( Figure  4) . No PB was observed for any of the Ge-Se compositions.
The optical parameters and thickness of the Ann (annealed) samples before and during the illumination (in the PD state) are presented in Table 3 , together with the data of the Asdep samples for comparison.
From the data of the as-prepared and the annealed samples, it can be observed that annealing results in a decrease of the refractive index, thickness and absorption coefficient and an increase in the optical band gap.
The following effects were observed during the laser illumination of the annealed sample (in its PD state): the refractive index and absorption coefficient increase, together with the thickness, while the optical band gap decreases. The most significant change of the optical parameters was observed for the annealed Ge33Se67 film, while of the thickness change was more remarkable for the annealed Ge28Se72. It is worth mentioning that the change of the thickness due to irradiation in the annealed samples was found to be larger than in the as-prepared ones. The comparison of the Raman spectra of the asprepared, annealed and irradiated annealed PD state is provided in Figure 5 , and the corresponding peak areas are given in Table 4 .
Due to annealing the area intensity of the Se-Se bonds, ETH and ES peak area decreases, while this for the CS increases. The irradiation of the annealed samples caused the following structural changes: Se-Se ETH, and CS peak area decreases and ES peak area increases.
Discussion.
One of the most important results of this work is the demonstration of transition of photo-darkening to photo-bleaching in thermally evaporated Ge-Se samples due to laser irradiation. The dual action of light was shown earlier in Ge-As-S [22, 23] and in Ge-AsSe [24] films. In essence, this shows the reversibility of the processes for which Elliott has created a unified model [25] . There are data missing how it relates to the compositional development of the samples and what is the nature of the effect.
The PD process starts after the laser irradiation is switched on, and saturates after 10-20 s. The change of the optical parameters (decreasing transmittance and blue shift of the absorption edge) can be explained by analyzing the structure of the material. As it was suggested earlier, the PD process can be connected with occurrence of electron-hole pairs, as a result of which, a non-uniform ("wrong") homopolar bond break and rearrangement to heteropolar bonds take place [25] . In fact, the occurrence of Se-Se bond Table 3 Calculated optical parameters (refractive index, absorption coefficient and optical band gap) and measured thickness of the Asdep (as-prepared) and the annealed Ge-Se samples, before (Ann) and after laser irradiation (PD) of the latter.
Ge28Se72
Ge33Se67 breaking was proved by the Raman spectra. The Se-Se bond is the strongest in the studied system, however, light could cause some hybridization (mixing) of the lone-pairs and bond p-states at a top of the valence band [25] . This inevitably weakens the bond and because of this a preferable breaking of this bond is possible.
Further effect of light illumination on the studied films is the breaking of some heteropolar bonds related to corner sharing structures which, due to their specific charge coupling, are weaker than those of edge sharing structural units. This leads to modification of the structure and formation of new edge sharing units, as is was revealed by the Raman spectroscopy (Figure 3 ). So the PD probably has the same origin as in the As-based chalcogenides and can be explained by bond breaking, switching and atomic movement in the structure [26] . However, we would like to emphasise the importance of the electron excitation of the lone pair electrons, which we assume play an important role in the weakening of the bonds and their subsequent breaking. The freshly evaporated films have a random structure, with a lot of Se-Se and Ge-Ge bonds. Due to laser irradiation, the structure shifts to equilibrium state, characterized by increased number of heteropolar bonds, which are strongly preferred. The PD can be connected with this bond rearrangement, which results in a red shift of the absorption edge and increase of the absorption coefficient. This contributes to the opening of the structure and, as a consequence, to the increase in the films thickness, as it was revealed by our measurements and also reported for some Ge-As-Se glasses [27] . The modification of the structure also affects the optical band gap and the refractive index of the films. The relationship between these changes has already been reported for similar materials [28] . The decreasing optical band gap is related to the reorganization of the electronic atomic structure after the electron-hole pair is formed due to illumination.
After the complete saturation of the PD process, the PB starts to develop and it saturates with time. A close look at the graph presented in Figure 2 suggests that the PB effect is much slower than the PD. One of the reasons of the PB effect can be further homopolar bond breaking, occurring in a quite limited fashion, compared to the homopolar bonds reduction related to the PD process, similarly to the results reported in [22, 24] . The ratio of Raman peak areas of the building blocks is quite close to that observed for relaxed bulk material with the same composition [29] . We suggest that during PB, the films in fact approach their equilibrium condition. The decrease of the ES peak area would mean that the structure is compacting, in contrary to its opening during the PD, and the thickness of the films reduces, as measured in this work. The second reason of the PB process could be the well known phenomenon of photo-oxidation in these materials, which can occur during illumination of Gebased chalcogenide thin films in air [13, 15] . Although there are some speculations that both elements Ge and Se could oxidize, following our experience [15] , we believe that the only element that could form oxides in the system should be Ge. We have not observed vibrations of Ge-O bonds at 520-650 cm -1 [30] , and believe that this process presumably should be excluded from the explanation of the studied phenomena.
The annealing contributes to structural and optical changes similar to those characteristics for the PB process, such as the blue shift of the optical band gap. Thus, the annealing process contributes towards relaxation of the structure and brings the films closer to their equilibrium state. In fact, annealing is often used to erase photo-darkening [6] , and we suggest that it is also the reason of the absence of the PB in the annealed samples, since the relaxation has been established by annealing.
We would like to emphasise the compositional dependence of the effects which manifest a decreasing of the material's reaction towards light when increasing the Ge content in the system. This we consider as one more prove of the importance of the lone pair electrons for the occurring effects. Their formation and effect over the Ge-Se bonding makes the systems more sensitive towards light illumination. The decreased amount of chalcogen atoms in the Ge rich sample reduces the mass effect of these electrons, and combined with the rigidity of the material reduces the range of the illumination induced effects [31] . The results on photo-induced volume change and the additional possibility of mass transport in Ge-Se system under the gradient intensity of illumination show a potential of these materials for surface relief recording, as it was investigated and presented for As-Se and As-S layer structures [32, 33] .
Conclusions
A fast decrease (photo-darkening) and a slow increase (photo-bleaching) of the optical transmission were observed during laser irradiation of Ge-Se samples of different composition. The photo-darkening was found to be related to photo-induced bond switching with homopolar bond breaking and atomic rearrangement, similarly to As-based chalcogenide glasses. The PB can also be related to homopolar bond breaking occurring with simultaneous medium range ordering. We established a compositional dependence of the effects occurring emphasising the importance of the lone-pair electrons in the system. In relation to this, it was found from investigations of the studied samples, that Ge28Se72 is the composition with the best expressed photo-induced effects which diminish with increasing of Ge concentration in the samples.
